Distance to HIV care may be associated with retention in care (RIC) and viral suppression (VS). RIC (≥ 2 HIV visits or labs ≥ 90 days apart in 12 months), prescribed antiretroviral therapy (ART), VS (< 200 copies/mL at last visit) and distance to care were estimated among 3623 DC Cohort participants receiving HIV care in 13 outpatient clinics in Washington, DC in 2015. Logistic regression models and geospatial statistics were computed. RIC was 73%; 97% were on ART, among whom 77% had VS. ZIP code-level clusters of low RIC and high VS were found in Northwest DC, and low VS in Southeast DC. Those traveling ≥ 5 miles had 30% lower RIC (adjusted odds ratio (aOR) 0.71, 95% CI 0.58, 0.86) and lower VS (OR 0.70, 95% CI 0.52, 0.94). Geospatial clustering of RIC and VS was observed, and distance may be a barrier to optimal HIV care outcomes.
Introduction
The ability to achieve optimal HIV outcomes such as retention in care (RIC) and viral suppression (VS) is influenced by receipt of appropriate HIV medical care. Sociodemographic characteristics such as younger age, non-Hispanic black race/ethnicity, poverty, and unstable housing have been well documented as risk factors associated with poor HIV care outcomes in the US [1] [2] [3] [4] [5] [6] [7] [8] . In addition to individual-level characteristics, area-level characteristics including features of one's residential neighborhood, such as community socioeconomic status, have been associated with higher rates of newly reported HIV diagnoses and lower RIC and VS [9] [10] [11] . Other neighborhood features such as access to health care and transportation, food security, housing stability and local policy and programmatic issues related to HIV/ AIDS, have been associated with a person's ability to link to and remain in HIV care [12] [13] [14] [15] [16] [17] [18] .
Despite these findings, few studies have utilized spatial methods and analyses as a means to assess gaps in HIV care [19] [20] [21] [22] . Adopting a social determinants of health approach, characterizing where people reside, work and socialize, including physical proximity to one's HIV care site, may play a role in HIV care [6, 23] . Decisions about where, with whom, and how to get care may not solely be based on the closest HIV provider. The closest HIV care provider to one's place of residence, sometimes thought of as the "likely provider" because of their geographic convenience, has not been found to fully explain the variability in distance travelled to HIV care [24] . Findings from one study on HIV-infected persons residing in rural and suburban areas of North Carolina showed that newly diagnosed HIV-infected persons who travelled farther from their residence to their HIV diagnosis site, despite physical proximity to a closer testing facility, were diagnosed at a later stage of disease compared with those testing closer to their residence [25] . Similarly, selecting an HIV provider may be informed by a variety of factors including perceived community stigma, distrust in the medical system, suggestions by friends and family, prior relationships with provider, provider reputation, provider location relative to where one 'lives', and the insurance accepted by provider [26] [27] [28] .
It is not understood whether residential proximity plays a role in HIV care in an urban setting such as Washington, DC-a relatively small geographic area (68 square miles) that has many HIV care providers, generous city-funded benefits subsidizing HIV-related prescription drugs, and transitrich neighborhoods [28] [29] [30] . To address this question, we sought to evaluate whether geographic distance to one's HIV care site is associated with HIV care patterns. The objectives were twofold. The first objective was to assess whether distance to HIV care was associated with RIC and VS using data from a city-wide cohort of HIV-infected persons in care, hypothesizing that longer distances travelled was associated with decreased RIC and VS. The second objective was to assess whether there was statistical geographic clustering of ZIP codes by RIC and VS, hypothesizing that that there were geographic clusters of higher RIC and VS as well as clusters of lower RIC and VS in DC. We also hypothesized that, in comparisons of distance across clusters, longer distances were associated with clusters of low RIC and VS, while shorter distances were associated with clusters of high RIC and high VS. Identifying and classifying geographic areas by HIV care outcomes may help identify locally relevant factors that facilitate or limit HIV care.
Methods

Study Population
The DC Cohort Study, which began enrollment in January 2011, is a longitudinal cohort of HIV-infected persons in care. Details of the DC Cohort study design have been described previously [31] . Briefly, participants' clinical data were abstracted from their electronic medical records (EMR) and entered in a web-based data entry system called Discovere ® (Cerner Corporation, Kansas City, MO). DC Cohort data were linked semi-annually to the DC Department of Health (DOH) HIV/AIDS, Hepatitis, STD and TB Administration surveillance databases [31] . Post-linked data included HIV-related laboratory tests (i.e., CD4 count and viral load (VL) test results) that participants received from both DC Cohort and non-DC Cohort providers, improving our ascertainment of RIC and VS. In a separate data request, the DC DOH provided an additional variable, ZIP code of residence, on matched participants. Street address data were not provided due to confidentiality. At the time of this analysis, 13 DC Cohort sites were enrolling participants: eight were hospital-based and five were community-based clinics. Among 5521 matched participants, the proportion who were treatment-experienced was 97% [32] . The study protocol was approved by the George Washington University Institutional Review Board (IRB), the DC Department of Health IRB, and IRBs of individual study sites.
Eligibility Criteria
Matched participants enrolled between January 1, 2011 and June 15, 2015 were eligible for inclusion in the analysis. Participants were considered loss to follow up (LTFU) if, after manual review, no lab or EMR data were available for 18 months or longer as of December 15, 2014 . Those who withdrew from the study, were LTFU, resided outside DC or had a missing DC ZIP code were excluded. In descriptive maps, three residential ZIP codes with fewer than five participants were also excluded for participant confidentiality.
Outcome Variables
RIC and VS were defined using recommendations from the US Department of Health and Human Services [33] . RIC was defined as ≥ 2 clinical encounters and/or HIVrelated labs ≥ 90 days apart in a 12-month period between June 2014 and June 2015. VS was defined as the last VL lab result < 200 copies/ml as of June 2015 among participants who were retained. Only participants who met the RIC definition were included in the VS analysis so that we could assess risk factors of VS that were independent of RIC. Area-level percent RIC and VS were computed by aggregating person-level outcomes to the ZIP code-level. For ease in interpreting maps of RIC and VS by ZIP code, percent RIC and VS were grouped into quartiles where the lowest quartile represented the lowest proportion of participants RIC or VS. ZIP-code level percent RIC and VS were also used to assess geographic clustering. For cross tabulations and multivariable regression analyses, person-level percent RIC and VS were used.
Exposure Variables
Based on provider street address and a proxy measure for participant street address, distance to care was computed as the Euclidean distance from point to point using geographic longitude and latitude coordinates and calculated using the Geodist function in SAS v9.4 (Cary, NC). Because participant residential street address was not available in our de-identified dataset due to concerns about patient privacy, analyses at geographies of more consistent population size such as census tract or census block were not possible.
To approximate participant street address, the DC Cohort submitted a data request to the DC DOH for a limited dataset containing population-weighted centroids for each ZIP code in DC. A population-weighted centroid was assigned to each participant based on their ZIP code of residence. Population-weighted centroids adjust the location of the geographic centroid of a ZIP code (i.e., the "centermost" location) to the area of a ZIP code where the population resides (more specifically, where the HIV population resides), thus improving ascertainment of residence in the absence of full participant street address. DC Cohort provider street address data were available through the DC Cohort. Non-DC Cohort provider data were available through the linkage; providers associated with non-DC Cohort labs were identified and summarized. All provider address data were entered into the DC Master Address Repository, an online comprehensive address database containing key geographies for DC in a Geographic Information System (GIS), and geocoded to obtain geographic coordinates [34] .
For homeless participants whose current residence was a shelter, participant ZIP codes were assigned to the ZIP code of the shelter. Among those enrolled at a DC Cohort site with multiple affiliated clinics located across more than one ZIP code in DC, provider location was assigned to the clinic most frequently reported as the HIV provider on laboratory reports. Among participants whose laboratory results reported a non-DC Cohort provider more frequently than a DC Cohort provider (< 1%), provider location was assigned to the non-DC Cohort site. Among participants whose HIVrelated laboratory results were split between two non-DC Cohort sites (i.e., ties), provider location was assigned to the site in closest proximity to the participant.
Person-Level and Clinic-Level Covariates
Person-level sociodemographic and clinical characteristics routinely collected at study enrollment such as housing status, mode of HIV transmission, employment status, insurance type, prescription for antiretroviral therapy (on ART), history of AIDS, and selected co-morbid conditions based on their higher prevalence in the Cohort (i.e., hypertension, diabetes, asthma, Hepatitis C virus, illicit drug abuse/ dependence and depression) were included. Clinic-level characteristics thought to influence HIV care such as number of providers, type of clinical training, type of clinic services such as an onsite pharmacy, treatment adherence support, activities to link and retain patients, case management, Ryan White funding, and practices related to screening, testing and referrals were not yet available at the time of this analysis. Only clinic-level variables such as clinic type (hospitalbased versus community-based) and receipt of primary care (yes versus no) were available and included.
Descriptive Analyses
Differences in sociodemographic and clinical characteristics and distance to care by RIC and VS status were assessed using χ2 statistics in SAS v9.4 (Cary, NC). Hypothesis testing was two-sided and associations were considered significant at the P < 0.05 level. Choropleth maps (descriptive maps) of DC with point locations of DC Cohort clinics were generated to visualize the proportion of participants, distance to care, RIC and VS by ZIP code (Fig. 1) .
Spatial Analyses
Maps
Maps of DC were generated using shapefiles from the Census Bureau's Master Address File/Topologically Integrated Geographic Encoding and Referencing (MAF/TIGER) system, simplified representations of selected geographic areas [35] . Because shapefiles were based on ZCTA boundaries as opposed to ZIP code boundaries, we created a crosswalk between residential ZIP codes and ZCTAs using the most frequently occurring ZIP code within a ZCTA. We determined that ZCTA approximated ZIP codes and used this approximation for mapping [36] [37] [38] .
Hot Spot Analysis
Hot spot analyses (Getis-Ord Gi* statistics) were generated to detect clustering of high or low values using the software Arc GIS v10.3.1 by Environmental Systems Research Institute (Redlands, CA). To identify a statistically significant hot spot or cold spot, Z-scores were calculated for each ZIP code as the difference between the sum of the observed and expected values of RIC or VS with respect to its neighbors (i.e., ZIP codes that shared at least some border), relative to all ZIP codes. The number of neighbors ranged from a minimum of 2 to a maximum of 7. Z-scores were considered statistically significant if these relative differences were too great to be due to chance. A ZIP code assigned a high Z-score surrounded by neighboring ZIP codes with high Z-scores with a P value < 0.05 was defined as a 'hot spot' (i.e., clusters of high RIC or high VS). Similarly, a ZIP code assigned a low Z-score surrounded by neighboring ZIP codes with low Z-scores with a P value < 0.05 was defined as a 'cold spot' (i.e., clusters of low RIC or low VS). We generated 'hot spot' maps based on Z-scores to illustrate clusters of RIC and VS (Fig. 2) . The significance and interpretation of cluster analyses can be influenced by the scale of the analysis, thus were subject to influence from extreme values in RIC or VS in a small number of ZIP codes. We therefore evaluated another indicator of spatial autocorrelation, local Moran's I, for comparison. Moran's I is computed similarly to the Gi* in that it compares observed and expected values based on a Z-score algorithm, but, unlike Gi*, excludes the value for a given ZIP code when comparing to the average value of its neighbors.
Modeling
Data were imported into SAS and ordinary logistic regression models were computed with person-level distance as the main predictor. Models were not adjusted for ZIP code-level distance or other ZIP code-level characteristics. Multilevel and spatial regression models were not computed.
Sensitivity analyses were conducted to explore how distance to HIV care behaved with respect to RIC and VS. We considered distance as a categorical variable (quartiles) and as a continuous variable. As a continuous variable, we considered two measures: 1) distance in miles and 2) distance in miles + distance 2 , a quadratic term to identify a potential non-linear relationship. Based on sensitivity analyses, a non-linear relationship was observed (data not shown). Person-level distance was modeled as a non-linear term in univariable and multivariable logistic to care site with areas in darker blue representing ZIP codes with participants travelling longer distances to care. c RIC % (Quartiles) with areas in darker blue representing ZIP codes with higher RIC. d VS% (Quartiles) with areas in darker blue representing ZIP codes with higher VS. Polygons in white represent non-residential ZIP codes or suppressed ZIP codes with < 5 DC Cohort participants regression models of RIC and VS. Multivariable models were adjusted for covariates that were identified as statistically significant at the 0.05 level in univariable regression analyses. Though other methods of estimating access to HIV care services such as road distance and travel time may be more accurate, these measures were not computed and sensitivity analyses comparing different measures of distance were not assessed.
Results
Descriptive Analyses
Of the 5521 participants, 4476 (81%) were enrolled in the study with at least one year of follow-up by the end of 2014.
The proportion of participants who were residents of DC was 91% (N = 4091). Of the 4091, nearly 90% had ZIP code data corresponding to 23 out of 31 possible ZIP codes. Three of the 23 ZIP codes, comprising less than five participants, were excluded for confidentiality. The remaining 20 ZIP codes were included in subsequent analyses, representing 3623 participants and reaching all four quadrants of the city.
The proportion of participants who were non-Hispanic (NH) black was 82%; the median age was 50 years (Table 1) . A majority of participants were publicly insured (74%) and receiving HIV care at community-based clinics (60%) and almost half were men who had sex with men (49%). At study enrollment, median duration of HIV diagnosis was 14 years, 96% of participants were treatment experienced, and 62% had a history of AIDS. The proportion of participants residing in 20 ZIP codes ranged from < 1 to 16% with the highest proportions residing in the Southeast (SE) quadrant (top three ZIP codes: 20020, 20019 and 20002) and the lowest proportions residing in the Northwest (NW) quadrant of the city (Fig. 1a) . DC Cohort sites were in 10 of the 20 ZIP codes with all hospital-based sites located in the NW and over 75% of community-based sites located in the South and Southeast quadrants (Fig. 1a) . Distance to HIV care ranged from 0.3 to 8.3 miles (median 2.6), with longer distances, on average, for participants residing in ZIP codes bordering Virginia and Maryland (Fig. 1b) .
Overall RIC was 73% among 3623 participants ( Table 1 ). The proportion on ART was 96% among participants RIC (N = 2651). Among participants RIC and on ART (N = 2556), 77% achieved VS (N = 1976). ZIP code-level proportion RIC and VS ranged from 39 to 78 (median 70) and from 75 to 100 (median 89), respectively (Fig. 1c, d) .
Differences in age, sex at birth, race/ethnicity, mode of HIV transmission, insurance status, employment status, clinic type and receipt of primary care were assessed by RIC and VS status (all P < 0.05). Participants RIC were more likely to receive primary care at their HIV clinic and were more likely to receive care at a community-based clinic (P < 0.001), while those who were VS were less likely in regard to both (P < 0.001). No differences were observed by history of AIDS or duration of infection (data not shown).
Modeling
A threshold effect was observed for those travelling 5 or more miles such that those travelling farther had, on average, worse outcomes for RIC and VS. In multivariable models of RIC, participants who travelled ≥ 5 miles were 30% less likely to be retained (adjusted odds ratio, aOR 0.71, 95% CI 0.58, 0.86; Table 2 ). Correspondingly, the proportion of participants not RIC who travelled farther (≥ 5 miles) was twice that of those RIC (20.4% vs 9.5%; P < 0.0001; Table 1 ). In multivariable models of VS, participants who travelled ≥ 5 miles were 30% less likely to achieve VS (aOR 0.70, 95% CI 0.52, 0.94), with a lower proportion of participants VS travelling farther (≥ 5 miles) than those without VS (8.1% vs 13.3%; P < 0.0001; Table 1 ). Multivariable regression models, also elucidated some of the patient and community characteristics driving RIC and VS, including sex, race/ethnicity, housing status, and risk factors for HIV transmission (Table 2) .
Spatial Analyses
Geographic clustering of RIC was observed, with a pattern of lower RIC in the NW, and significantly lower RIC (i.e., cold spots) in two ZIP codes (Fig. 2a) . These cold spots had RICs of 60% (Gi* P < 0.01) and 70% (Gi* P < 0.05), respectively. In contrast, ZIP codes outside of these areas had an average RIC of 72% (Table 3 ). Significant cold spots for VS were similarly detected in the SE quadrant of the city (VS = 75-83%, Gi* P < 0.05). The mean proportion of VS across ZIP codes was high (90%), with hot spots in the NW (Fig. 2b) . One of these ZIP codes included 100% VS (Gi* P < 0.05) and another 95% (Gi* P < 0.10). Only one ZIP code, located in the center of DC, belonged to both a cluster of low RIC and a cluster of high VS. Clustering revealed by Moran's I was generally consistent with these results, with few exceptions (data not shown).
Distance travelled differed by cold spot and hot spot status. Participants in RIC cold spots travelled, on average, 2.5 fewer miles than those residing outside RIC cold spots (0.6 miles versus 3.1 miles; P < 0.0001; Table 3 ). In terms of distance as a threshold effect, no participants in RIC cold spots travelled ≥ 5 miles (0%) as opposed to 13% outside RIC cold spots (Table 3 ). In contrast, participants in VS cold spots travelled nearly a mile more, on average (3.2 miles versus 2.3 miles; P < 0.0001) with less than 8% travelling ≥ 5 miles compared with 10% outside VS cold spots (p < 0.05). Participants in VS hot spots travelled 0.7 fewer miles than those outside VS hot spots (2.1 miles versus 2.8 miles; P < 0.01), with only 3% travelling ≥ 5 miles compared with 9% outside VS hot spots. This observation was not statistically significant likely due to small cell sizes (P = 0.22). Differences in ZIP code-level covariates thought to influence distance to HIV care such as, transportation and socioeconomic-related factors by RIC and VS cluster status were observed though hypothesis testing was not conducted (Table 4 ). In general, RIC cold spots and VS hot spots were similar, characterized by lower HIV prevalence, car ownership, and proportion of non-Hispanic blacks, and marked by higher public transit density and household income compared with city-wide and VS cold spot estimates. Specifically, HIV prevalence in RIC cold spots and VS hot spots were 1572.5 and 1598.3 per 100,000, respectively-about 43% lower than the city-wide estimate (2777.3 per 100,000) and 59% lower than the VS cold spot estimate (3793.0 per 100,000). For both RIC cold spots and VS hot spots, the number of public bus and metro stops was over 6.0 per 1000-higher than city-wide and VS cold spot estimates (5.6 and 4.9 per 1000, respectively). The percent car ownership in both RIC cold spots and VS cold spots was about 60%, lower than the proportion of car ownership in VS cold spots (65.4%); percent non-Hispanic blacks in these clusters was < 5%, strikingly lower than the proportion observed in citywide and VS cold spot estimates (42.7 and 61.5%, respectively). The percent of families living in poverty in both RIC cold spots and VS hot spots were < 11%, 36% lower than the city-wide estimate (16.5%) and nearly 50% lower 
Discussion
This analysis represents one of the first attempts to analyze spatial patterns of HIV care using clinical, laboratory, treatment and surveillance data in Washington, DC. Overall, person-level RIC (73%) was slightly higher than national estimates (69%) and similar to estimates from other local and nationally representative studies (54-78%) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Higher estimates of RIC and VS were not surprising as DC Cohort participants represented persons at least minimally engaged in HIV care [32] . Factors associated with RIC likely differ from factors associated with VS, even in the setting of high ART coverage. This finding was observed at both the person-level and cluster-level. Participants RIC were not necessarily less likely to achieve VS; clusters of low RIC did not geographically overlap with clusters of low VS. This paradox may be explained, in part, by a subset of participants who were VS and either not indicated to visit an HIV provider as often or did not believe that they needed to visit as often, thereby appearing to not be retained-an observation noted in other US cohorts [49, 50] . For those appearing to be retained, multiple encounters and/or laboratory results may be related to their assessed risk for suboptimal HIV outcomes. Perhaps this group returned to care more often because providers scheduled them at more frequent intervals, based on concerns about patient health or compliance, or about losing contact with the most vulnerable or transient clients. This hypothesis is consistent with our finding that those RIC were more likely to be unemployed, publicly insured, and not receiving primary care at their DC Cohort site compared with those not RIC.
Our near real-time data showed that participants residing in VS cold spots, areas with several DC Cohort communitybased clinics, had longer distances to care. These results suggest that the 'closest' HIV provider may not be the 'likely' provider, and indicate that reasons for selecting a particular location(s) for HIV services are complex. One study of HIVinfected persons in DC found that those with poor clinical outcomes also tend to receive care at multiple HIV care providers, known as site migration [51] . While approximately 75% of DC Cohort participants received care at only one site, those who do seek care at > 1 site may also be travelling farther. In post hoc sensitivity analyses assessing prevalence of comorbid conditions, we found that participants travelling ≥ 5 miles were more likely to have Hepatitis C virus and depression, yet no more likely to have a diagnosis of hypertension, diabetes, asthma or drug abuse and dependence (data not shown). Thus, it is not clear if the prevalence of comorbid conditions in this population may be related to where people seek care for their HIV.
Seeking care farther away from one's residence may be due to preference for a particular clinic. Preferences are likely varied and may include factors related to quality of service, accessibility and availability, experience, confidentiality, proximity to pharmacies, co-located primary care services, changes in eligibility for ancillary services, and integrated supportive services such as case management and NH non-Hispanic, MSM men who have sex with men, IDU injection drug user, IQR interquartile range P-values were computed using Pearson (goodness of fit) χ 2 statistics for categorical variables and using t-tests for equal variances for continuous variables. P values ≤ 0.05 alpha level were considered statistically significant and denoted in bold a RIC was defined as evidence of ≥ 2 HIV-related clinical encounters and/or HIV-related labs ≥ 90 days apart in 12 months b Viral suppression (VS) was defined as viral load < 200 copies/mL at last visit among those retained in care and prescribed antiretroviral therapy c Other race groups include those belonging to more than race group and unknown d Other includes retired, student, disabled, termination of student, unknown, and other e MSM risk includes persons identified as having both MSM and IDU risk f Primary insurance type was either public (Medicare, Medicaid, Ryan White/ADAP, or DC Alliance) or private (commercial payer or Tricare) care navigation [51, 52] . A DC Cohort survey assessing colocated primary care and supportive services, along with other clinic-level characteristics was administered online to principal investigators at each DC Cohort site with the aim of better understanding the context of HIV care and delivery of services in Washington, DC. While this survey was not administered at the time of this analysis, in our next steps, we plan to review survey results in the context of our findings to better understand access to HIV care services.
Other unmeasured factors may explain why some seek care farther away. Most participants who travelled ≥ 5 miles resided in the SE quadrant of the city, historically called "East of the river," a reference to the divide created by the Anacostia River. These neighborhoods such as Anacostia, Congress Heights and Hillcrest in Wards 7 and 8 overlapped with RIC hot spots and VS cold spots and were marked by higher poverty, housing instability and HIV burden than other parts of DC (Table 4) [22]. Despite several DC Cohort community-based clinics located in the SE, the area is also marked by a lower density of HIV care providers and clinics, a sociocontexual factor that relates to an area's social capital and serves as a possible barrier to care [13, 53] . While exact number and location of HIV providers and sites were not known (some services were located at HIV-dedicated clinics while some were a part of a multi-site system of several community-based clinics, with HIV specialists travelling among the sites to serve patients), according to a 2017 DC DOH report, only 8 of the 23 HIV testing sites in DC were located in the SE; all 7 private practices or infectious disease/internal medicine clinics serving persons with HIV were located in the NW and NE; only one out of five DC hospitals was located in the SE (offering routine HIV testing in its emergency department); and many of the 25 Ryan White providers were located in the NW and NE [54] . The characterization of the SE as more impoverished, trending with poorer HIV care as compared to the rest of DC is consistent with a similar study of spatial patterns of HIV care in Philadelphia [12, 53] . These ZIP code-level and sociocontextual factors may help identify potential targets for strategies to improve HIV care.
Limited access to modes of travel and access to destinations could be a potential barrier to care. For example, travel time and convenience for participants are likely to vary for different modes of transportation. In Washington DC, train transfers are likely required for many participants to reach a DC Cohort site, as several sites including all DC Cohort hospital-based sites are in the NW and many medical specialists are in one area of the city. Moreover, schedules for DC's metro transit lines vary, contributing to differences in travel time to access a provider for the same distance [55] . For instance, a trip to the center of the city could take more than 45 min from the SE compared to an average travel time of 25-30 min from the NW [55] [56] [57] . Indeed, many participants who travel ≥ 5 miles in the SE and those residing in VS cold spots are also part of the SE transit corridor which is hampered by longer commuter times, fewer metro stops, higher bus ridership, higher bus overcrowding and lower bus reliability than other parts of the city [56] [57] [58] [59] . Moreover, given that less than 25% of publicly-insured residents from the SE seek primary care in their ZIP code, it is likely this group travels longer distances [60] . While it is plausible that these factors may similarly affect HIV care in other urban/ metro environments, additional research is needed to better understand how participants travel to their HIV provider and how these factors influence HIV care.
Interpretation of our findings is subject to limitations. First, this analysis focused on HIV care after testing, diagnosis, and linkage to care. DC Cohort participants represent an in-care population attending outpatient clinics and consenting to participate in an HIV cohort study. This group may not be representative of all HIV-infected DC residents, particularly those who have not been diagnosed or linked to care. Targeting the earlier stages in the care continuum such as HIV testing and linkage to care remains a challenge. Second, we were not able to discriminate whether an HIVrelated laboratory result from a given hospital came from the HIV clinic (routine care) or emergency department (acute care). We did not have access to participant street address and were limited to ZIP code of current residence. Because ZIP codes were designed to improve mail delivery service and do not necessarily represent where individuals live (including ZIP codes that are PO Boxes, areas with no residential population and unique areas such as university campuses, and other large mail generating organizations such as Walter Reed Medical Center and the Navy Yard), analyses may not accurately reflect where the population resides, potentially introducing measurement error in our computations of distance to care [36, 37] . However, weighting ZIP code centroids to the DC Cohort population mitigated this potential source of misclassification. We note that methods to estimate and operationalize travel patterns are not standardized, and our findings based on Euclidean (i.e., straight line) distance may not be easily interpreted. While such distance is often used as a proxy for access to care, other methods that incorporate travel patterns associated with driving and mass transit lines such as road distance and travel time may be more reliable and accurate, especially in urban areas heavily reliant on public transportation [6, 61] . In one study that compared distance from patient ZIP code of residence to cardiac care services in Canada using Euclidean distance, road distance, travel time and other measures, Euclidean distance was found to underestimate distance [62] . This finding suggests that our results may similarly underestimate the role of distance on HIV care, reinforcing the importance of distance as a measure for health services research and planning. Additionally, spatial aggregation of person-level data to the ZIP code level may have introduced a type of statistical bias known as the modifiable areal unit problem, which makes area-level estimates of RIC and VS dependent on both the shape and size of the ZIP code [63] . Furthermore, analyses did not account for ZIP code-level factors, neighboring effects of adjacent ZIP codes, nor information regarding the mass transit network on the role of distance, limiting our ability to interpret the association between distance and HIV care and ability to identify potential mechanisms to improve HIV care. In our next steps, we plan to explore how these ZIP code-level and sociocontextual factors are distributed and identify any spatial dependence and heterogeneity across neighborhoods, considering spatial econometric techniques that allow the effect of distance on HIV care to vary across space. Lastly, findings on the role of distance and HIV care may not be generalizable to other cities, as DC's geography, population density and mobility, transportation and HIV/ AIDS-related policies and programs may differ from other cities.
The finding that longer distances to care may be a barrier to HIV care provides practical information on a possible barrier to care. It underscores the need to increase access, acceptability and uptake of services to improve HIV care. Moreover, the finding that RIC cold spots did not geographically overlap with VS cold spots suggests that interventions and strategies aimed at improving HIV care should be tailored to specific geographical areas at increased risk for suboptimal RIC and VS. Estimates were calculated per 100,000 population to permit data standardization and comparison. ZIP code-level population denominators were aggregated to the cluster level and based on the number of persons aged 13 years or older d Public transit and car ownership data were obtained from the DC Transit Authority and the American Community Survey (ACS) using 5-year estimates from 2010-2014, respectively e Socioeconomic-related variables such as income inequality were obtained from 5-year ACS estimates from 2010-2014. Other socioeconomic data such as educational attainment, household poverty, race/ethnicity and housing stability were obtained from single year ACS estimates from 2014, the 2014 US Census' Small Area Income and Poverty estimates and the 2010 US Census, respectively f Gini coefficient, a common measure of income inequality that ranges from 0 to 1 where 0 represents perfect equality and 1 represents perfect inequality g Percent of families in which the family's total income is less than the official poverty threshold for a family of that size and composition 
